In the type-I seesaw mechanism the Casas-Ibarra (CI) parametrization provides a convenient description of the Dirac neutrino mass matrix in terms of the light and heavy Majorana neutrino masses, the lepton flavor mixing matrix U and an unknown complex orthogonal matrix O. If O is assumed to be real, it will be impossible to generate unflavored thermal leptogenesis via the lepton-number-violating and CP-violating decays of the lightest heavy Majorana neutrino. We find that this observation can be invalidated after small but unavoidable quantum corrections to the CI parametrization are taken into account with the help of the one-loop renormalizationgroup equations (RGEs) between the seesaw and electroweak scales. We illustrate a novel and viable unflavored leptogenesis scenario of this kind based on the RGEs in the seesaw-extended standard model, and show its direct link to the CP-violating phases of U at low energies. *
Introduction
The canonical (type-I) seesaw mechanism [1] [2] [3] [4] [5] [6] is theoretically elegant in the sense that it attributes the tiny masses of three known neutrinos naturally to the huge masses of three unknown Majorana neutrinos at a sufficiently high energy scale. Moreover, the lepton-number-violating and CP-violating decays of such seesaw-motivated heavy neutrinos in the early Universe may provide a natural way to account for the observed baryon-antibaryon asymmetry in today's Universe -a mechanism that is commonly referred to as baryogenesis via thermal leptogenesis [7] . The key points of such a "killing two birds with one stone" picture are briefly summarized as follows.
On the one hand, the standard model (SM) of electroweak interactions is extended by adding three right-handed neutrino fields N αR (for α = e, µ, τ ) and allowing lepton number violation. In this case the gauge-invariant lepton mass terms can be written as
where the relevant field notations are self-explanatory, and M R is a symmetric Majorana mass matrix.
Integrating out the heavy degrees of freedom in Eq. (1) [8] , one is left with the dimension-five Weinberg operator O ν = κ αβ /2 αLHH T c βL with κ = Y ν M −1 R Y T ν for three light neutrinos [9] . After spontaneous gauge symmetry breaking at the Fermi scale (i.e., Λ EW ∼ 10 2 GeV), we obtain the mass terms of three charged leptons and three light Majorana neutrinos
where l L = (e, µ, τ ) T L and ν L = (ν e , ν µ , ν τ ) T L , the charged-lepton mass matrix M l is expressed as M l = Y l v with v ≡ H 0 174 GeV being the vacuum expectation value of the neutral Higgs field, and the effective Majorana neutrino mass matrix M ν is given by the famous seesaw formula
with M D = Y ν v being the Dirac neutrino mass matrix. The tiny masses m i (i.e., the eigenvalues of M ν ) of three light neutrinos ν i can therefore be attributed to the large masses M i (i.e., the eigenvalues of M R ) of three heavy neutrinos N i (for i = 1, 2, 3) as compared with v. In between the seesaw and Fermi scales, which are characterized respectively by the mass M 1 of the lightest heavy Majorana neutrino N 1 and the value of v, it is in general necessary to consider quantum corrections to M l and M ν with the help of the renormalization-group equations (RGEs) [10] [11] [12] [13] [14] [15] .
On the other hand, the lepton-number-violating decays N i → α + H and N i → α + H may happen via the Yukawa interactions described by Eq. (1). Such processes are also CP-violating because of the interference between their tree and one-loop amplitudes [7, [16] [17] [18] . Considering the case in which M 1 M 2 < M 3 holds and all the Yukawa interactions are blind to the lepton flavors (i.e., the temperature of the Universe satisfies T = M 1 10 12 GeV [19] [20] [21] [22] [23] [24] ), one expects that mainly the flavor-independent (or unflavored) CP-violating asymmetry can survive and give rise to a net lepton-antilepton number asymmetry Y L ≡ (n L −n L )/s with s being the entropy density of the Universe. To subsequently convert Y L to a net baryon-antibaryon number asymmetry Y B ≡ (n B −n B )/s, such an unflavored leptogenesis mechanism should keep taking effect in the temperature range 10 2 GeV T 10 12 GeV in which the non-perturbative (B − L)-conserving sphaleron interactions may stay in thermal equilibrium and thus can be very efficient [25] [26] [27] . To be explicit, we have Y B = −(28/79)Y L in the SM framework [28, 29] . It is then possible to account for the observed baryon-to-photon ratio [30] η ≡ n B n γ (6.12 ± 0.03) × 10 −10 ,
with the help of the relation η = sY B /n γ 7.04Y B [8] . A comprehensive review of the thermal leptogenesis mechanism with or without flavor effects can be found in Refs. [31] [32] [33] .
Note, however, that the unknown flavor structure of M D is an obstacle to the calculation of ε 1 in Eq. (4) [34] . Without invoking any specific seesaw model and without loss of generality, one may follow Casas and Ibarra (CI) to parametrize M D in the flavor basis where both M l and M R are diagonal (i.e.,
where U is the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) neutrino mixing matrix [36] [37] [38] used to diagonalize M ν in the chosen basis (i.e., U † M ν U * = D ν ≡ Diag{m 1 , m 2 , m 3 }), and O is an arbitrary complex orthogonal matrix. This CI parametrization of M D is certainly consistent with the seesaw formula in Eq. (3), and it has been extensively applied to the studies of various seesaw models, leptogenesis scenarios and lepton-flavor-violating rare decays of charged leptons. Combining Eqs. (4) and (6) , one can immediately draw a conclusion that the unflavored thermal leptogenesis has nothing do to with leptonic CP violation at low energies, simply because ε 1 is independent of U (see, e.g., Refs. [39] [40] [41] and references therein) 1 . Along this line of thought, an interesting way out is to invoke flavor effects by taking M 1 10 12 GeV and assume O to be real [42] [43] [44] [45] [46] [47] . Then the flavored CP-violating asymmetry ε 1α (for α = e, µ, τ ) will depend on the CP-violating phases of U in a direct way, making it possible to connect the cosmological baryonantibaryon asymmetry to CP violation at low energies via flavored thermal leptogenesis.
In this paper we point out a novel way to make a direct link between unflavored thermal leptogenesis and CP violation at low energies based on the CI parametrization of M D and a choice of real O. The key point is to take into account small but important radiative corrections to M ν , which are equivalent to a slight modification of the expression of M D on the right-hand side of Eq. (6), by means of the one-loop RGEs of Y l and Y ν between the seesaw and Fermi scales. In this case the low-energy PMNS matrix U cannot be fully cancelled out in the expression of ε 1 given by Eq. (4), and thus we are left with an unflavored leptogenesis scenario in which the unique source of leptonic CP violation is just the CP-violating phases of U .
The remaining parts of this paper are organized as follows. In section 2 we first show how the CI parametrization in Eq. (6) is slightly modified by the one-loop RGE effect, and then figure out the explicit expression of the unflavored CP violating asymmetry ε 1 . Section 3 is devoted to illustrating that this RGE-assisted unflavored leptogenesis scenario can work well in accounting for the observed value of η. Finally, we make a brief summary and some concluding remarks in section 4.
Quantum corrections
In the framework of the SM with three light Majorana neutrinos, the one-loop RGE for the effective neutrino coupling matrix κ = Y ν M −1 R Y T ν evolving between the seesaw scale (Λ SS ∼ M 1 ) and the Fermi scale (Λ EW ∼ 10 2 GeV) is given by [10] [11] [12] 
in which t ≡ ln (µ/Λ EW ) with µ being an arbitrary renormalization scale between Λ EW and Λ SS , C κ = −3/2 and α κ ≈ −3g 2 2 + 6y 3 t + λ with g 2 , y t and λ standing respectively for the SU(2) L gauge coupling, the top-quark Yukawa coupling and the Higgs self-coupling constant. Working in the chosen flavor basis with both Y l and M R being diagonal (i.e., Y l = Diag{y e , y µ , y τ } = D l /v and M R = D N ), one may integrate Eq. (7) from Λ EW to Λ SS and then arrive at
where T l = Diag{I e , I µ , I τ }, and I 0 and I α (for α = e, µ, τ ) are defined as
Given the strong hierarchy y 2 e y 2 µ y 2 τ 1 in the SM [34] , it is obvious that T l Diag{1, 1, 1+∆ τ } holds as an excellent approximation, where
is the small τ -flavored correction. The sizes of I 0 and ∆ τ at the seesaw scale are illustrated in Fig. 1 where U and D ν are the PMNS neutrino mixing matrix and the diagonal neutrino mass matrix at low energies, respectively. Comparing Eq. (11) with Eq. (6), one can see that the flavor structure of M D at Λ SS is slightly modified by nonzero ∆ τ . As a consequence, the product M † D M D becomes U -dependent. This new observation motivates us to reexamine whether unflavored leptogenesis has something to do with leptonic CP violation at low energies when O is taken to be real.
To be more explicit, let us calculate the elements of M † D M D that appear in Eq. (4) at Λ SS by using the RGE-corrected CI parametrization in Eq. (11) . We obtain
in which the Latin subscripts run over (1, 2, 3) , and the values of both the neutrino masses and the PMNS matrix elements are from low energies. To minimize the uncertainties associated with the source of CP violation, we assume the orthogonal matrix O to be real from now on. The unflavored CP-violating asymmetry ε 1 in Eq. (4) turns out to be
Some immediate comments on the salient features of this result are in order.
• ε 1 ∝ ∆ τ is naturally expected, and it will automatically vanish if the RGE-induced effect between Λ EW and Λ SS is switched off. In other words, the unflavored CP-violating asymmetry ε 1 is actually dependent on the τ -flavored quantum correction.
• Eq. (13) provides us with a direct link between unflavored leptogenesis at the seesaw scale and the CP-violating phases of U at low energies, since O has been assumed to be real. In fact, only the elements in the first column of O and those in the third row of U are involved in the expression of 1 . So one may simply use two rotation angles θ and φ to make the parametrization (O 11 , O 21 , O 31 ) = (sin θ cos φ, sin θ sin φ, cos θ) with θ ∈ (0, π] and φ ∈ (0, 2π]. On the other hand, only two of the three CP-violating phases of U (or two combinations of theirs) take effect in ε 1 given by Eq. (13) 2 .
• One may wonder what will happen if the unknown orthogonal matrix O is taken to be the identity matrix. In this special case, we are left with a much simpler result
which is proportional to ∆ 2 τ and thus strongly suppressed in magnitude.
Needless to say, to make the unflavored leptogenesis scenario under consideration viable in interpreting the observed baryon-antibaryon asymmetry of the Universe, the value of M 1 must be big enough such that both the magnitudes of ∆ τ and ε 1 can be properly enhanced.
Unflavored leptogenesis
Given M 1 M 2 < M 3 and T = M 1 10 12 GeV, the Yukawa interactions described by Eq. (1) are blind to all the lepton flavors and thus mainly the unflavored CP-violating asymmetry ε 1 given in Eq. (4) survives and contributes to a net baryon-antibaryon asymmetry via thermal leptogenesis. To be explicit, the final baryon-to-photon ratio η is related to ε 1 as follows [49, 50] :
where κ f is the efficiency factor determined by solving of the Boltzmann equations of heavy Majorana neutrino and lepton number densities, and it measures the washout effects caused by the inverse decays and lepton-number-violating scattering processes. To figure out the value of κ f , let us first of all define the out-of-equilibrium parameter of N 1 decays as 
It is obvious that K 1 controls whether or not the decays of N 1 are in equilibrium. In the far out-ofequilibrium (or weak washout) regime (i.e., K 1 1), κ f depends heavily on the initial abundance of heavy Majorana neutrinos, and the produced (B − L)-asymmetry is not reduced by washout effects. In the strong washout regime (i.e.,K 1 1), however, κ f is almost independent of the initial conditions and hence the (B − L)-asymmetry produced at high temperatures is efficiently washed out. Given the initial thermal abundance of heavy Majorana neutrinos, the approximate analytical relation between κ f and K 1 can be expressed as [24, 31] 
with z B (K 1 ) 2+4K 0.13 1 exp (−2.5/K 1 ). A combination of Eq. (13) and Eqs. (15)-(17) will therefore allow us to estimate the value of η via unflavored leptogenesis and examine its dependence on the CP-violating phases of U at low energies.
Adopting the standard parametrization of the PMNS matrix U [51] , we find that there are totally twelve parameters involved in our unflavored leptogenesis scenario: the heavy neutrino mass M 1 which determines the values of I 0 and ∆ τ ; three light neutrino masses m i (for i = 1, 2, 3); three lepton flavor mixing angles θ 12 , θ 13 and θ 23 ; three CP-violating phases δ, ρ and σ; and two free parameters θ and φ used to parametrize O i1 (for i = 1, 2, 3). For simplicity, here we only input the best-fit values of θ 12 , θ 13 , θ 23 , δ, ∆m 2 21 ≡ m 2 2 − m 2 1 and ∆m 2 31 ≡ m 2 3 − m 2 1 (or ∆m 2 32 ≡ m 2 3 − m 2 2 ) extracted from a recent global analysis of current neutrino oscillation data [52, 53] : 
where both the normal neutrino mass ordering (NMO, upper values) and the inverted mass ordering (IMO, lower values) are taken into account. We also choose a set of typical values of θ and φ in our numerical calculations: (θ, φ) = (84.9 • , 351.1 • ) for the NMO case and (θ, φ) = (174.9 • , 58.0 • ) for the IMO case, which both allow K 1 to satisfy K 1 1 if the best-fit values in Eqs. (18) and (19) and the reasonable ranges of m 1 , M 1 , ρ and σ are input. In the K 1 1 regime any lepton-antilepton asymmetries generated by the lepton-number-violating and CP-violating decays of N 2 and N 3 can be efficiently washed out, and thus we are only left with the asymmetry produced by the decays of N 1 . The latter depends only on four unknown parameters: m 1 (or m 3 ), M 1 , ρ and σ. In the following we shall use the observed value of η given in Eq. (5) to constrain the parameter space of ρ and σ by allowing m 1 and M 1 to vary in the ranges [10 −8 , 10 −2 ] eV and [10 13 , 10 14 ] GeV, respectively; or to constrain the parameter space of m 1 (or m 3 ) and M 1 by allowing both ρ and σ to vary in the (0, 2π] range. Our numerical results are plotted in Fig. 2 and Fig. 3 for the NMO and IMO cases, respectively. Some discussions are in order. • The NMO case. As shown in the upper panels of Fig. 2 , the parameter space of ρ and σ is mainly located in the [0, π] range. With m 1 increasing or M 1 decreasing, the values of ρ and σ will approach π/2, indicating an upper boundary for m 1 and a lower boundary for M 1 . Such boundaries are dominated by ρ = σ = π/2, which are described by the black bands in the lower panels of Fig. 2 . It is obvious that m 1 10 −3 eV and M 1 3 × 10 13 GeV hold, implying that a nearly degenerate neutrino mass spectrum is not compatible with this unflavored thermal leptogenesis scenario. In fact, a similar conclusion has been drawn in Refs. [49, 54, 55] . We find that m 1 may approach zero if M 1 4.2 × 10 13 GeV holds. From the lower right panel of Fig. 2 , one can see that all the bands converge at M 1 4.2 × 10 13 GeV when m 1 becomes smaller and smaller. This observation means that in the given parameter setting the value of η is essentially insensitive to the value of ρ, as clearly shown by the yellow band with m 1 = 1 × 10 −6 eV in the upper right panel of Fig. 2 . The reason is simply that the term Im (U * τ 3 U τ 2 ) dominates the size of ε 1 in Eq. (13) because of the smallness of m 1 . There is a similar behavior in the lower left panel of Fig. 2 , in which all the bands nearly converge at m 1 1 × 10 −3 eV when M 1 > 8 × 10 13 GeV holds, and it implies that the sensitivity of η to σ is quite weak in this parameter setting.
• The IMO case. The upper panels of Fig. 3 show that the parameter space of ρ and σ is mainly located in the ρ ∈ [0, π] and σ ∈ [π, 2π] ranges. As in the NMO case, ρ and σ approach π/2 and 3π/2, respectively, when M 1 decreases. But as m 3 increases from a small value, (ρ, σ) first go far away from (π/2, 3π/2) and then approach (π/2, 3π/2) again, a behavior which is different from the NMO case. Such features mean that there exit a lower boundary for M 1 and both lower and upper boundaries for m 3 which are determined by ρ = π/2 and σ = 3π/2, as explicitly shown by the black bands in the lower panels of Fig. 3 . The smallest value of M 1 needed to fit the observed value of η is slightly smaller than that in the NMO case, and it is around 2.8 × 10 13 GeV as one can also see from the lower panels of Fig. 3 . We find that m 3 is constrained to lie in the range 5 × 10 −6 eV m 3 1.6 × 10 −3 eV when M 1 ≤ 10 14 GeV is required. Both the cases of m 3 0 and m 1 ≈ m 2 ≈ m 3 are incompatible with this unflavored thermal leptogenesis scenario for the given parameter setting.
Before ending this section, let us briefly mention an alternative possibility that the heavy Majorana neutrinos have the initial zero abundance. In this case the efficiency factor κ f is different from that given by Eq. (17), especially in the weak washout regime (i.e., K 1 1) [24, 31] . But our preliminary numerical analysis shows that if the same values of θ and φ are chosen to assure K 1 1, then the size of κ f will be only slightly smaller than that in the situation of the initial thermal abundance. As a consequence, the allowed lower bound of M 1 becomes larger (i.e., M 1 10 14 GeV) and the behaviors of the other three parameters (i.e., m 1 , ρ, σ) are quite similar to those in the initial thermal abundance case.
Summary
With the help of the RGE-corrected CI parametrization of the Dirac neutrino mass matrix M D in the canonical seesaw mechanism, we have shown that it is possible to link unflavored thermal leptogenesis to CP violation at low energies in a direct way. The point is that the PMNS matrix U can no longer be fully cancelled out in the unflavored CP-violating asymmetry ε 1 , and thus it is the unique source of CP violation if the unknown orthogonal matrix O in the expression of M D is assumed to be real. As a numerical exercise, we have taken special values for the elements O i1 (for i = 1, 2, 3) and adopted the best-fit values of six neutrino oscillation parameters to illustrate the dependence of the baryon-to-photon ratio η on both the neutrino masses (i.e., M 1 and m 1 or m 3 ) and the Majorana-type CP-violating phases of U (i.e., ρ and σ). It is found that such a RGE-assisted unflavored leptogenesis scenario can work well for M 1 10 13 GeV in the framework of the seesaw-extended SM.
It is worth remarking that the huge gap between the seesaw scale Λ SS and the Fermi scale Λ EW makes it definitely meaningful to take into account radiative corrections to the original CI parametrization by using the one-loop RGEs, although such quantum effects are very small and even negligible in most cases. If one turns to the framework of the minimal supersymmetric standard model (MSSM) extended with the type-I seesaw mechanism, however, the RGE-induced corrections to M D are expected to be much more appreciable. In this MSSM case one may similarly explore a direct connection between unflavored leptogenesis and CP violation at low energies based on the RGE-corrected CI parametrization with O being real [56] .
Of course, we have only focused on the effect of unflavored leptogenesis induced by the leptonnumber-violating and CP-violating decays of the lightest heavy Majorana neutrino with the condition 10 13 GeV M 1 M 2 < M 3 . As far as flavored thermal leptogenesis is concerned, we find that the similar RGE-induced effect (proportional to ∆ τ ) will in general become a next-to-leading-order term in the expressions of ε 1α (for α = e, µ, τ ) and hence unimportant. But such a preliminary observation deserves a further and comprehensive study [57] .
In short, a successful leptogenesis mechanism at the seesaw scale is generally unnecessary to have a direct link to lepton flavor mixing and CP violation at low energies [39, 58, 59] , but it is always interesting to find a specific and transparent scenario to bridge the gap between such high-scale and low-scale physics. The present work has therefore given a new example of this kind.
